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ABSTRACT 
The development of high gradient acceleration and tight phase-space control of high 
power beams is a key element for future lepton and hadron colliders since the increasing 
demands for higher energy and luminosity significantly raise costs of modern HEP facilities. 
Atomic channels in crystals are known to consist of 10 – 100 V/Å potential barriers capable 
of guiding and collimating a high energy beam providing continuously focused acceleration 
with exceptionally high gradients (TeV/m). However, channels in natural crystals are only 
angstrom-size and physically vulnerable to high energy interactions, which has prevented 
crystals from being applied to high power accelerators. Carbon-based nano-crystals such as 
carbon-nanotubes (CNTs) and graphenes have a large degree of dimensional flexibility and 
thermo-mechanical strength, which could be suitable for channeling acceleration of MW 
beams. Nano-channels of the synthetic crystals can accept a few orders of magnitude larger 
phase-space volume of channeled particles with much higher thermal tolerance than natural 
crystals. This paper presents the current status of CNT-channeling acceleration research at 
the Advanced Superconducting Test Accelerator (ASTA) in Fermilab. 
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1. INTRODUCTION 
   A great interest of the scientific community has focused on the idea of building a post-
Large Hadron Collider (LHC) machine, such as the International Linear Collider (ILC), 
Compact Linear Collider (CLIC), or Future Circular Collider (FCC). This is based on the 
belief that these machines can provide sufficient center-of-mass (CM) energy and 
luminosity a few orders of magnitude higher than the current levels for the new physics 
experiments [1 – 3]. The prospective milestone of the super-colliders is envisioned to 
achieve ~ 100 TeV in CM energy and/or ~ 1034 - 1035 cm-2s-1 in luminosity. The biggest 
challenge for this grand plan is to achieve the CM energy and luminosity within a realistic 
facility footprint and with the maximum possible power conversion from the “wall-plug” to 
the beams. Therefore, a realistic machine may have to fit within a fairly limited footprint, 
which might be about 10 kilometer or less, and with less than a few tens of MW beam 
power [4]. Will such colliders be capable of reaching energies that may be orders of 
magnitude larger than current ones, namely, 100 – 1000 TeV? It is quite questionable that 
with current acceleration technology the facility can actually reach the particle energy and 
luminosity needed for new physics experiments within the size and power constraints. To 
obtain the energies of interest within the given footprint, development of ultra-fast 
acceleration with tight phase-space control of high power beams will be the most important 
mission for future lepton and hadron colliders and it will only be possible with 
multidisciplinary and multilateral approaches. 
2. CRYSTAL CHANNELING – TeV/m ACCELERATION 
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   Shock waves in an ionized plasma media, excited by relativistic particles, have been of 
great interest on account of their promise to offer extremely high acceleration gradients of 
G (max. gradient) = mecωp/e ≈ 96 × n01/2 [V/m], where ωp = (4πnpe2/me)1/2 is the electron 
plasma frequency and np is the ambient plasma density of [cm-3], me and e are the electron 
mass and charge, respectively, and c is the speed of light in vacuum. However, a practically 
obtainable plasma density (np) in ionized gas is limited to below ~ 1024 m-3, which in 
principle corresponds to wakefields up to ~ 100 GV/m [5 – 7], and it is realistically very 
difficult to create a stable gas plasma with a charge density beyond this limit. Metallic 
crystals are the naturally existing dense plasma media completely full with a large number 
of conduction electrons available for the wakefield interactions. The density of charge 
carriers (conduction electrons) in solids n0 = ~ 1026 – 1029 m-3 is significantly higher than 
what was considered above in gaseous plasma, and correspondingly the wakefield strength 
of conduction electrons in solids, if excited, can possibly reach 10 TV/m in principle.  
    Figure 1 shows our simulation graphs of a beam-driven wakefield acceleration in a 
homogeneous plasma model with solid-level charge densities, 1025 m-3 and 1.6 × 1028 m-3, 
which might be in the lower and upper limits of electron density of solid-state media 
(acceleration gradient and energy gain versus beam charge density) [8]. The densities are 
considered for the assessment as the corresponding plasma wavelengths, 10 µm and 0.264 
µm, are also in the spectral range of available beam-modulating sources such as IR/UV 
lasers or magnetic undulators (inverse FELs) [9] for strong beam-plasma coupling in the 
beam-driven acceleration. As shown in the figure, with the beam-driven acceleration the 
acceleration gradient ranges from 0.1 TeV/m to 10 TeV/m with the solid plasma densities 
3 
at the linear beam-plasma coupling condition (nb ~ np). The gradient corresponds to 10 – 30 
MeV of energy gain with a channel length of 10 plasma wavelengths. Also, it appears that 
the beam is strongly focused and collimated by the large transverse fields generated from 
the oscillating plasma over the distance (Figs. 1(c) and (d)). Apparently, this effective 
plasma simulation model shows TeV/m range gradient with solid state level plasma density. 
However, in spite of the exceptionally large amplitude of accelerating and focusing fields, 
in reality if charged particles are injected into either an amorphous solid or a random 
orientation of a single phase crystal, they will encounter a large stopping power from 
nuclear and electron scatterings. Also, irregular head-on collisions at atomic sites 
completely spread the particles all over, accompanied with phase-space volume expansion. 
Particles will thus be quickly repelled from a driving field due to fast pitch-angle diffusion 
of large scattering rates/angles from non-uniformly distributed atoms.   
    The channels between atomic lattices or lattice planes aligned in a crystal orientation of 
natural crystals like silicon or germanium are sparse spaces with relatively low electron 
densities [10]. Charged particles, injected into a crystal orientation of a mono-crystalline 
(homogeneous and isotropic) target material, undergo much lower nucleus and electron 
scatterings. The channeled particles can be accelerated in two different ways, depending 
upon how they gain energies from driving sources (lasers or particle-beams) through 
plasma wakefields of conduction electrons, or diffracted EM fields confined in the crystal 
channels. Plasma wakefields in crystals, if excited by a strong driving source, either a short 
particle-bunch or a high power laser, can accelerate particles along the space in the lattice 
channel. For the channeling acceleration with confined x-ray diffraction, the atomic 
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channel can hold > 1013 V/cm transverse and 109 V/cm longitudinal fields of diffracted 
traveling EM-waves from an x-ray laser coupled to a crystal at the Bragg diffraction angle 
(λ/2a = sinθB), where a is the lattice constant and θB is the diffraction angle). However, to 
accelerate channeled particles with high gradients by confined x-ray fields, the acceleration 
requires coherent hard x-rays (ħω ≈ 40 keV) of  power density ≥ 3 × 1019 W/cm2 to 
overcome radiation losses of channeled muons [11], which exceed those conceivable today. 
The x-ray pumping method thus fits for heavy particles, e.g. muons and protons, which 
have relatively smaller radiation losses. For electrons (and positrons), the beam-driven 
acceleration is more favorably applicable to channeling acceleration as the energy losses of 
a drive beam can be transformed into the acceleration energy of a witness beam [12]. The 
maximum particle energies, Emax ≈ (Mb/Mp)2(ΛG)1/2{G/(z3×100 [GV/cm])}1/2105 [TeV], can 
reach  0.3 TeV for electrons/positrons, 104 TeV for muons, and 106 TeV for protons (Mb is 
the mass of the channeled particle, Mp is the proton rest mass, Λ is the de-channeling length 
per unit energy, and z is the charge of the channeled particle) [13]. Here, channeling 
radiation of betatron oscillations between atomic planes is the major source of energy 
dissipation. The de-channeling length (Λ) is also a critical factor, in particular in the low 
energy regime, since it scales as E1/2 [14]. The idea of accelerating charged particles in 
solids along major crystallographic directions was suggested by several scientists such as 
Pisen Chen, Robert Noble, Richard Carrigan, and Toshiki Tajima in the 1980’s and 1990’s 
[15 – 19] for the possible advantage that periodically aligned electrostatic potentials in 
crystal lattices are capable of providing a channeling effect [20 – 26] in combination with 
low emittance determined by an Ångström-scale aperture of the atomic “tubes”. The basic 
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concepts of atomic accelerator with short pulse driving sources like high power lasers or 
ultra-short bunches have been considered theoretically. However, the idea has never been 
demonstrated by experiment or simulation due to the extremely tight interaction condition 
of the Angstrom-size atomic channels in natural crystals and the complexity of electron 
dynamics in solid-plasma.        
3. CHANNELING ACCELERATION IN CARBON NANOTUBES 
   Carbon nanotubes (CNTs) are a synthetic nanostructure, which is a roll of a graphene 
sheet, and its tube diameter can be easily increased up to sub-micron by optimizing 
fabrication processes (chemical vapor deposition, CVD). For channeling applications of 
high power beams, carbon nanostructures have various advantages over crystals [27]. 
Particles are normally de-channeled when the transverse forces are larger than the maximal 
electric field acting on channeled particles from crystal atoms, which is described by the 
critical angle (εcn (normalized rms acceptance) = (1/2)γaθc, where θc is the critical angle). 
The dechanneling rate is significantly reduced and the beam acceptance is dramatically 
increased by the large size of the channels, e.g., a 100 nm wide CNT channel has larger 
acceptance than a silicon channel by three orders of magnitude. Some previous studies [28] 
on the radiative interaction in a continuous focusing channel present an efficient method to 
damp the transverse emittance of the beam without diluting the longitudinal phase space 
significantly. CNTs can efficiently cool channeled particles similar to natural crystals. The 
strong focusing in a CNT channel results in a small beta function, so that it is quite feasible 
to create a beam of small transverse emittance.  
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    If the channel size is increased from angstroms to nanometers (Figs. 2(a) and (b)), the 
maximally reachable acceleration gradient would be lowered from ~ 100 TeV/m to ~ 1  
TeV/m due to the decrease of effective plasma charge density. However, the nanotube 
channels still provide sufficiently large transverse and longitudinal fields in the range of 
TV/m. For the crystal channels in angstrom scale, the lattice dissociation time of atomic 
structures ( ( )( )pei mmt ωπ2≈∆ , where mi and me are the masses of ion (carbon) and 
electron respectively [29]) is in the range of sub-100 fs with 1 TV/m fields, corresponding 
to 1019 W/cm3. For beam driven acceleration, a bunch length with a sufficient charge 
density would need to be in the range of the plasma wavelength to properly excite plasma 
wakefields, and channeled particle acceleration with the wakefields must occur before the 
ions in the lattices move beyond the restoring threshold and the atomic structure is fully 
destroyed. It is extremely difficult to compress a particle bunch within a time scale of 
femto-seconds since the bunch charge required for plasma wave excitation and the beam 
power corresponding to the time scale will exceed the damage threshold of the crystal. The 
disassociation time is, however, noticeably extended, to the order of pico-seconds, by 
increasing the channel size to nanometers because the effective plasma density and 
corresponding plasma frequency are decreased by a few orders of magnitude, as shown in 
Fig. 2(a). The constraint on the required bunch length is thus significantly mitigated (Fig. 
2(c)) and  the level of power required for an external driving source could be lowered by a 
few orders of magnitude, although the acceleration gradient will be lowered accordingly 
[30].  
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  Furthermore, dephasing length [31] is appreciably increased with the larger channel, 
which enables channeled particles to gain a sufficient amount of energy (Fig. 2(d)). The 
atomic channels in natural crystals, even if they provide extremely high potential gradients, 
are limited to angstroms and are unchangeable due to the fixed lattice constants. The fixed 
atomic spaces make the channeling acceleration parameters impractically demanding, but 
CNTs could relax the constraints to more realistic regimes. The carbon structures 
comprised entirely of covalent bonds (sp2) are extremely stable and thermally and 
mechanically stronger than crystals, steel, or even diamonds (sp3 bond). It is known that 
thermal conductivity of CNTs is about 20 times higher than that of natural crystals (e.g. 
silicon) and the melting point of a freestanding single-tip CNT is 3,000 – 4,000 Kelvin. 
Carbon based channels thus have significantly improved physical tolerance against 
intensive thermal and mechanical impacts from high power beams.  
4. SIMULATION ANALYSIS WITH FERMILAB-ASTA 50 MEV BEAM 
The initial assessment of the prospective energy gains of CNT-channeled electrons was 
already fulfilled with a PIC-based beam-driven plasma simulator combined with the 
beamline simulations. For the simulations, the ASTA 50 MeV beamline from the chicane 
(BC1) to the imaging station (X124) was modeled with CST and Elegant (Fig. 3(a)). The 
two beam profiles of the bunches with and without the modulation (modulation 
wavelength = λmb), which is generated by the slit-mask in the bunch compressor (BC1), 
are monitored at the goniometer position. The beam profiles are then manually imported 
to the effective CNT model [32]. A typical simulation result (Fig. 3(b)) showed that a 1 
nC bunch (uncorrelated energy spread = ~ 0.01 – 0.015 %, λmb = 100 µm) is self-
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accelerated with a net energy gain (~ 0.2 %) on the tail (witness) and an energy loss (~ 
0.6 %) on the head (drive) along the 100 µm long channel with the nominal beam 
parameters. Our preliminary assessment with the full beamline model predicts that the 
ASTA 50 MeV beam can produce ~ 1 – 2 % of maximum net gain with 3.2 nC bunch 
charge and 100 µm transverse beam size (circular beam, Fig. 3 (c)), corresponding to 5 – 
10 GV/m gradient. For the simulations, the bunch charge density is about a thousand 
times smaller than the channel charge density (off-resonance beam-plasma coupling). 
However, detecting the amount of energy gain by the proposed experiment will support 
feasibility of TeV/m acceleration in CNT channels.   
    Generally, density modulations enhance energy efficiencies or power gains of coherent 
light sources or beam-driven accelerators. A beam, if longitudinally modulated, is more 
strongly coupled with accelerating or undulating structures at a resonance condition with 
the fundamental or higher order modes. Pre-bunched or modulated beams would improve 
the longitudinal beam control in energy-phase space and furthermore strongly enhance 
wakefield strengths or transformer ratio of beam-driven channeling accelerations. The 
modulated beam either maximizes the wakefield strength (when it is bunched with a plasma 
wavelength of an accelerating medium) or significantly increases the transformer ratio 
proportionally to the number of micro-bunches (R = M⋅R0, where M is the number of micro-
bunches and R0 is the transformer ratio of a single-bunch driver) with an off-resonance 
condition [33]. In principle, a beam-density modulation (or micro-bunching) corresponding 
to an intrinsic channel plasma frequency possibly offers the optimum beam-plasma 
coupling condition with maximum energy transfer efficiency and acceleration gradient. 
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However, the crystal charge density with ρp ≥ 1025 m-3 requires a very short modulation 
wavelength, λmb ≤ 10 µm, which could be only produced by a short-period micro-buncher 
(e.g. Inverse FEL undulator). Our plan for the experiment is thus to generate a bunched 
beam of relatively long modulation periodicity by slit-masking the beam in the center of a 
magnetic chicane and then to couple a higher order mode of the modulated beam with an 
accelerating medium [34]. The slit-mask modulation technique is relatively easy to 
generate a beam modulation. At the ASTA low energy beamline, while a ~ 3 – 4 mm long 
photo-electron bunch passes through the bunch compressor (BC1), the slit-mask placed in 
the BC1 will slice bunches into micro-bunch trains by imprinting the shadow of a periodic 
mask onto the bunch with a correlated energy spread (Fig. 4(a)). In principle, modulation 
strength and periodicity of the modulation can be controlled by adjusting the grid period or 
by the dipole magnetic field [35]. The bunch-to-bunch distance (modulation periodicity) is 
given as,  
                               
( )2 2 2 2 21 56 , 56 , 56
, 1 , ,
1
.
z i i z i
x mask z i x mask
h R R R
z W W
h
δ δ
δ
σ τ σ σ σ
η σ η σ
+ + +
∆ = ≈
,  
(σz,i: initial bunch length,  h1: first order chirp = - 1/R56, σδ,i: initial uncorrelated energy 
spread, R56: longitudinal dispersion of BC1, and τ: energy ratio = Eio/Efo, Eio and Efo are the 
central energies before and after acceleration, respectively, and ηx,mask: dispersion at the 
mask). With nominal ASTA beam parameters (σz,i =  3 ps, R56 = ~ - 0.192 m, Eio = 50 
MeV), the analytic model showed that a slit-mask with slit period 900 µm and aperture 
width 300 µm generates ~ 100 µm spaced micro-bunches with 2.4% correlated energy 
spread. As shown in Fig. 4(c), the preliminary simulation data from Elegant and CST also 
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indicated that the designed mask produces a ~ 100 µm spaced beam modulation with 
maximum RF chirp. 
5. EXPERIMENTAL PERSPECTIVES 
    It is planned to test the CNT-channeling acceleration at the Fermilab ASTA 50 MeV 
beamline (Fig. 5(a)). A ~ 3 ps long electron bunch generated from the photo-injector is 
transported to the magnetic chicane (BC1). The bunch is compressed to ~ 1 ps by BC1, and 
the compressed beam will be focused by the quadrupole triplet magnets (Q118, 119, 120). 
After the beam spot size is focused to ~ 100 – 200 µm, it will be injected to a CNT target in 
the goniometer. The CNT targets will be fabricated by an anodic aluminum oxide (AAO)-
CNT template process. The process is a well known nanofabrication technique to implant 
straight, vertical CNTs in a porous aluminum oxide template by the chemical vapor 
deposition (CVD) growth process [36 – 40]. Sub-100 µm long straight multi-wall CNTs 
grow along the aligned nano-pores in an AAO template, which is followed by thermal 
cleaning. AAO templates with 100 µm long, 20 – 200 nm wide pores are commercially 
available [41, 42]. The channeling test of the AAO-CNT with 4He+ beam was already 
successful in a low energy regime (2 MeV) [43]. The channeled electrons will be 
transported to an electron spectrometer consisting of a dipole (D122) and a screen in the 
energy dispersive region following D122at imaging station X124. Their energy distribution 
will be measured by the spectrometer before the beam is dumped to a shielded concrete-
enclosure (beam dump).  
   The pre-bunched beam generated by the slit-mask installed at X115 between two 
bending-dipoles (D115 and D116) will also be tested and the measured beam parameters 
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will be compared with the ones of the bunched beam to check the impact of beam-
modulation on channeling acceleration. Before testing the AAO-CNT target, the beam 
parameters will be characterized first without a target, which will be a reference for the 
beam-energy measurement. An experiment will be set up to check if the measured variation 
of the projected image on the screen due to presence of the target exceeds the nominal 
deviation of the image produced by the intrinsic energy spread. The initial experiment will 
then be followed by subsequent measurements to accurately identify net energy 
gains/losses and beam emittances: the channeled beam deflected by the magnetic 
spectrometer (D122) will be projected on the screen of the imaging station (X124). The 
beam-injection angle with respect to the target axis will then be scanned. A relative change 
of projected images from one angle to another will be translated into an energy gain/loss of 
channeled beam (Fig. 5(b)).  
6. CONCLUSION 
   Particle channeling in crystalline media has been considered an alternative promising 
technology for challenging scientific experiments at the high energy physics. Its strong 
atomic interactions along the crystal lattice planes enable efficient collimation/bending of 
intense beams and continuously focused acceleration with exceptionally large gradients up 
to a few tens of TeV/m. Development of the channeling acceleration concept has a great 
potential to advance accelerator technology for future HEP colliders.        
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Figure Captions 
FIG. 1 Acceleration gradient versus normalized charge density graphs (top: (a) and (c)) and 
beam/plasma charge distributions (bottom: (b) and (d)) of multi-bunched beam with (a) and 
(b) np = 1025 m-3 and (c) and (d) np = 1.6 × 1028 m-3   
FIG. 2 (a) Effective plasma density, (b) acceleration gradient, (c) dissociation time scale, 
and (d) dephasing length versus channel size (carbon-based). 
FIG. 3 (a) ASTA beamline model (CST). Inset is a modulated bunch charge distribution 
(Elegant and CST) at the goniometer position and effective CNT-channeling acceleration 
model (VORPAL). (b) Energy distributions of a modulated bunch (top) without and 
(bottom) with a channel. (c) energy gain versus bunch charge 
FIG. 4 (a) Conceptual drawing and (b) simulation model of a slit-mask micro-buncher (c) 
longitudinal charge distributions and beam signal spectra obtained by Elegant and CST 
simulations 
FIG. 5 (a) ASTA 50 MeV beamline configuration (b) schematics for energy and emittance 
measurements of CNT-channeling experiment (dotted green box in (a)) 
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